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ABSTRACT:  Boundary-layer  transition  on  a slender  cone 

was  observed  at  various  Mach  numbers  between  1.9  and  4.2 
in  the  NOL  Supersonic  Wind  Tunnels  No.  2 and  3.  The 
Reynolds  number  of  transition  was  found  to  be  different 
in  the  two  tunnels.  A decrease  of  Reynolds  number  of 
transition  with  increasing  Mach  number  was  observed  in 
the  range  of  Mach  numbers  investigated.  For  a fixed  Mach 
number,  the  transition  Reynolds  number  could  be  lowered 
by  introducing  upstream  disturbances  in  the  wind-tunnel 
supply  section.  From  the  results  of  this  investigation 
the  conclusion  is  drawn  that  the  slender  cone  is  a suitably 
sensitive  standard  model  to  indicate  differences  in  the 
free  stream  disturbance  level  of  supersonic  wind-tunnel 
flows  The  tests  also  show  that  flow  disturbances  in  the 
subsonic  part  of  a tunnel  are  propagated  through  the  Laval 
nozzle  in  a way  to  afreet  the  transition  in  the  boundary 
layer  of  a model  placed  in  the  supersonic  stream. 
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Data  on  the  boundary-layer  transition  on  a standard 
model  are  presented  and  conclusions  are  drawn  regarding 
the  relative  disturbance  level  in  two  NOL  supersonic 
tunnels.  The  investigation  is  exploratory  in  character, 
but  is  of  practical  importance  for  the  correlation  of 
wind-tunnel  data  taken  in  different  facilities,  and  for 
the  correlation  between  wind  tunnel  and  flight. 

The  work  was  initiated  in  November,  1951  by  the  authors 
and  Mr.  J L.  Potter  who  was  at  that  time  with  NOL. 
Negotiations  concerning  the  use  of  the  model  at  other 
wind-tunnel  facilities  in  the  country  are  planned.  The 
authors  wish  to  thank  Mr.  R.  K.  Squires  who  participated 
in  the  tests,  and  Mr.  R.  T.  Schroth  who  designed  the  model. 
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MEASUREMENT  OF  BOUNDARY -LATER  TRANSITION  ON  A 
STANDARD  MODEL  TO  DETERMINE  THE  RELATIVE  DISTURBANCE 
LEVEL  IN  TWO  SUPERSONIC  WIND  TUNNELS 


I .  INTRODUCTION 

1.  It  is  veil  known  that  the  turbulence  level  of  the 
airflow  in  a wind  tunnel  affects  boundary-layer  transition 
(reference  1).  It  is  important,  therefore,  to  know  the 
free  stream  turbulence  level  of  a wind  tunnel  in  order  to 
make  correct  interpretation  of  wind-tunnel  data. 

2.  While  tne  technique  of  directly  measuring  free  stream 
turbulence  in  subsonic  flows  is  well  mastered,  it  is  in 
its  first  stages  in  supersonic  flows  and  direct  measure- 
ments are  very  difficult  (reference  2).  A standard  model 
technique,  comparable  in  scope  to  the  standard  sphere 
technique  which  had  been  common  in  subsonic  wind  tunnels 
before  the  development  of  hot  wire  anemometry  (references  1 
and  3),  was  therefore  used  to  deduce  information  on  the 
free  stream  disturbance  level  of  the  airflow  in  two  of 

the  NOL  supersonic  tunnels. 

3.  A 5°  total  apex  angle  cone,  about  50  cm  long  and  4.5  cm 
in  diameter  at  the  base,  served  as  the  standard  model. 
Transition  in  the  boundary  layer  of  the  cone  was  determined 
by  two  methods,  the  luminescent  lacquer  technique  and 
spark-schlieren  photography,  the  latter  method  being  used 

in  the  majority  of  the  tests.  Details  of  the  model  and  of 
the  two  methods  will  be  given  in  sections  II  and  III. 

4.  The  cone  was  chosen  as  a standard  model  for  the 
following  reasons : 

(a)  The  head  shock  wave  can  be  made  weak  by  choositj 
small  cone  angles.  Its  influence  on  the  boundary-layer 
transition  is  thereby  minimized. 

(b)  The  pressure  is  constant  along  the  cone  surface  in 
supersonic  flow.  The  influence  of  a pressure  gradient  on 
the  boundary-layer  transition  is  therefore  eliminated. 

(c)  The  boundary-layer  transition  can  be  determined 
optically;  the  hazards  of  probe  interference  are  thereby 
eliminated.  On  a two-dimensional  model  this  would  not  be 
feasible  because  of  transverse  contamination. 
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(d)  The  laminar  boundary  layer  in  supersonic-  coni « a i 
flow  has  been  treated  theoretically,  and  experimental 
transition  data  are  of  Interest  in  the  analysis. 


5.  The  tests  supplied  information  on: 


(a)  The  transition  Reynolds  numbers  in  the  Aero- 
ballistics  Tunnels  No.  2 and  the  Aercphysics  Tunnel  No.  3 
under  approximately  equal  tunnel  supply  conditions  at  Mach 
numbers  3.25  and  4.25, 

(b)  The  Reynolds  numbers  of  transition  as  a function 
of  Mach  number  in  Tunnel  No.  2.  The  data  were  taken  at 
Mach  numbers  1.87,  2.15,  2.87,  3.25,  and  4.25, 

(c)  The  effect  of  disturbances  introduced  by  screens 

in  the  subsonic  portion  of  the  wind  tunnel  on  the  transition 
Reynolds  numbers  in  Tunnel  No.  3 at  Mach  numbers  3.25  and  4.25. 


6.  Incidental  information  was  obtained  on: 


(d)  The  effect  of  the  two  methods  used  for  detecting 
transition , 

(e)  The  effect  of  model  imperfection,  and 

(f)  The  effect  of  a boundary-layer  trip  on  transition. 


II.  TEST  EQUIPMENT 

(a)  Wind  Tunnels 

7.  The  NOL  Aeroball istics  Wind  Tunnel  No.  2 has  a 

40  x 40  cm  open  test  section.  The  supply  air  is  taken 
from  the  atmosphere  through  a drier  and  straightener . The 
operation  is  intermittent  and  blows  up  to  1 minute  duration 
can  be  mad® . 

8.  The  NOL  Aerophysics  Wind  Tunnel  No.  3 has  a 18  x 18  cm 
closed  test  secticn.  The  supply  air  is  also  taken  from 

the  atmosphere  through  a drier  but  no  straightener  is  in 
the  supply  duct.  The  operation  of  the  tunnel  is  continuous. 

9.  b«">t.h  tunnels  are  described  in  more  detail  in  reference  4. 

(b)  Model 

10.  Details  of  the  model  are  shown  in  Figure  1.  The  first 
tests  were  made  with  a chromium  plated  brass  cone  which  we 
will  call  "first  version".  Its  surface  had  been  ground  before 
plating  in  a number  of  lengthwise  sections  while  the  model 
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was  supported  near  the  tip  of  the  cone.  The  blending 
of  these  sectional  grinds  was  not  smooth.  Figure  2 
shows  the  deviations  of  the  surface  of  this  model 
from  an  ideal  cone  surface. 

liV"~When_ the  "second  version"  was  manufactured  the 
model  was  held~»t  the  cylindrical  part  only  and  the 
entire  conical  surface~~was  machined  in  one  continuous 
travel  of  the  grinding  wheel.  "This,  produced  a true 
conical  surface  with  a . 03  mm  radius  points  The 
second  version  was  also  made  of  brass  and  no  plating 
was  applied. 

12.  The  surface  roughness  of  the  second  version  was 
recorded  with  a Brush  Surface  Analyzer,  Type  PA  2. 

The  record  showed  an  average  roughness  of  0.25  microns, 
with  occasional  roughness  elements  as  high  as  1.0 
microns.  (One  micron  - 39.4  micro  Inches ) . This  value 
is  given  here  that  the  roughness  may  be  compared  with 
that  of  models  measured  with  the  same  type  of  instrument 
at  other  laboratories.  It  4.s  felt  that  the  quantitative 
indication  of  the  instrument  is  a relative  measure  of 
the  roughness  only, because  the  radius  of  the  tip  of  the 
stylus  that  feels  along  the  surface  is  considerably 
larger  than  the  indicated  roughness. 

13  The  authors  estimate  that  the  roughness  may  actually 
be  larger  than  Indicated.  However,  even  then  the 
surface  roughness  may  not  be  affecting  transition  at  Mach 
numbers  above  the  order  of  2.5  as  can  be  seen  from  the 
following  considerations.  Figure  3 is  a plot  of  the  mean 
free  path  of  the  molecules  in  the  air  stream  vs.  Mach 
number  for  a tunnel  with  atmospheric  supply.  Two 
curves  are  shown.  One  curve  gives  the  mean  free  path  near 
the  surface  of  the  model , assuming  a temperature  recovery 
factor  r = 0.9.  The  other  curve  gives  the  mean  free 
path  in  the  free  stream.  The  curves  were  determined 
from  the  equations 


L = 9.29  10  ® (1  M2)  1 [cm3  (free  stream), 


and 


Lw  = L (1+  r M2) 


[cm]  (wall) 
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vhlch  were  derived  from  elementary  kinetic  theory 
(reference  5)  on  the  assumption  of  a supply  pressure 
of  760  aa  Hg  and  a supply  temperature  of  293°K. 

The  measured  peak  surface  roughness  of  1 micron  is 
shown  to  scale  as  a horizontal  line  in  Figure  3. 

It  is  evident  that  a roughness  which  is  even  two  to 
three  tines  larger, is  of  the  order  of  the  mean  free 
path  for  a Mach  number  of  2.5  and  considerably  smaller 
than  the  mean  free  path  for  all  higher  Mach  numibers. 

(c)  Screens 

14.  The  screens  used  in  some  tests  in  T\mnel  No.  3 
were  placed  in  the  18  cm  x 23.5  cm  cross-section  of  the 
supply  duct  about  5 cm  upstream  from  the  nozzle  blocks, 
that  is, close  to  the  beginning  of  the  two-dimensional 
contraction  leading  to  the  nozzle  throat  (see  Figure  4). 

The  screens  were  made  froa  commercial  square  wire  mesh. 

The  "coarse  screen"  had  wires  0.097  cm  in  diameter, 
spaced  0.2  cm  between  centerlines,  and  the  "fine  screen" 
had  wires  0.028  cm  in  diameter,  spaced  0.16  cm 
between  centerlines. 

(d)  Straightener  in  Thnnel  No.  2. 

15.  The  straightener  in  Thnnel  No.  2 was  located  200  cm 
upstream  froa  the  beginning  of  the  supersonic  nozzle  in 
a 120  cm  x 130  cm  cross-section  of  the  supply  duct.  It 
consisted  of  0.05  cm  thick  sheet  metal  forming  square  tubes 
4.6  cm  on  a side  and  35  cm  long  (see  Figure  4). 


III.  TEST  PROCEDURE  AND  EVALUATION 

16.  Luminescent  lacquer  technique:  This  technique  is 

described  in  reference  6*.  In  our  case  the  model  was 
spun  rapidly  around  its  axis  of  symmetry  in  a jig  while 
it  was  sprayed  with  the  lacquer  in  order  to  secure 


* A lacquer  which  is  a mixture  of  a carrier,  a solvent, 
and  luminescent  particles  is  used,  a coat  of  this 
lacquer  viewed  in  ultra  violet  light  looks  light  when 
dry  and  dark  when  wet.  The  higher  rate  of  evaporation 
in  the  turbulent  boundary  layer  of  a model  coated  with 
the  lacquer  causes  the  lacquer  to  dry  where  the  boundary 
layer  of  the  model  is  turbulent  long  before  it  dries 
where  the  boundary  layer  is  laminar,  and  those  regimes  are 
therefore  clearly  visible  as  light  (turbulent)  and  dark 
(laminar)  areas  on  the  model. 


4 

UNCLASSIFIED 


UNCLASSIFIED 
NAVORD  Report.  2752 


uniform  application.  The  model  was  then  put  into  the 
tunnel  and  subjected  to  supersonic  flo^  -u*  a length 
of  time  just  sufficient  to  dry  the  lacquer  in  contact 
with  the  turbulent  boundary  layer.  Thereafter  the  model 
was  taken  from  the  tunnel  and  photographed  from  four 
sides  in  ultra  violet  light.  Figure  5 shows  some  typical 
photographs.  The  method  was  abandoned  later  during  the 
tests  because  of  the  unknown  effect  of  the  coating  on 
the  transition  itself  and  the  hazard  that  coatings  of 
different  thickness  might  influence  the  results  by 
giving  different  Reynolds  numbers  of  transition  for 
equal  ambient  conditions. 

17.  Spark-schlieren  photographs:  Schlieren  photographs 

of  about  1 microsecond  exposure  time  were  taken  of  the 
model  in  the  tunnel.  The  location  of  boundary-layer 
transition  was  then  determined  on  the  photographs  as 

the  point  where  the  smooth  outline  of  the  laminar 
boundary  layer  breaks  up  into  a turbulent  structure. 

This  point  was  considered  as  corresponding  to  the 
beginning  of  transition. 

18.  A typical  test  with  the  latter  technique  proceeded 

as  follows:  Using  the  continuous  light  source  of  the 

schlieren  apparatus,  the  knife  edge  was  put  in  a position 
nearly  parallel  to  the  model  contour  and  adjusted  while 
the  wind  tunnel  was  blowing  until  maximum  contrast 
appeared  at  the  boundary  layer.  Another  blow  was  then 
made  during  which  six  flash  photographs  were  taken  in 
succession  at  about  3 second  intervals.  This  procedure 
was  then  repeated  after  the  knife  edge  had  been  rotated 
180°.  Since  the  boundary  layer  was  visible  on  the  upper 
and  on  the  lower  side  of  the  model  contour,  the  above 
procedure  yielded  in  two  blows  12  pictures  with  24  values 
of  the  location  of  transition.  A typical  schlieren 
photograph  is  reproduced  in  Figure  6.  Pictures  taken 
with  vertical  knife  edge  adjustment  and  with  the  shadow- 
graph method  were  Inferior. 

19.  The  distance  of  the  transition  point  from  the  tip 
of  the  cone,  1,  is  used  to  compute  the  Reynolds  number 
of  transition, 


Re  ■ u • 1 

V 

where,  u,  is  the  velocity  and,”^,  is  the  kinematic  viscosity 
of  the  undisturbed  flow  determined  from  nozzle  calibrations. 
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20.  Whenever  a large  number  of  test  points  was  obtained 
for  the  sane  test  condition,  the  results  were  treated  in 
the  following  Banner:  The  arithmetic  mean,  the  largest  value, 

and  the  saallest  value  were  reported.  In  addition,  the 
spread,  s,  of  one  half  of  the  observations  about  a wean  value 
was  determined.  This  spread  was  determined  from  the  equation 

s - 0.8453  -X-A-Y1 

Vn  (n-1 ) 

given,  for  instance,  in  reference  7.  The  equation  is  an 
approximate  formula  for  the  probable  error  of  a single 
observation.  Tb*»  interval  determined  in  this  way  is  in 
our  case  not  a measure  of  error  but  rather  a measure  of 
the  amount  that  the  Reynolds  number  of  transition 
fluctuates  with  time.  It  is  indicated  as  a thick  vertical 
bar  in  the  graphs,  Figures  7,  8 and  10. 


IV.  RESULTS 

21.  Figure  7 shows  a comparison  of  the  Reynolds  number 
of  transition  observed  in  tunnels  No.  2 and  3.  The 
ordinate  is  the  Reynolds  number  of  transition.  The 
mean  value,  the  total  spread,  and  the  spread  of  one-half 
of  the  values  are  shown  for  both  tunnels.  The  number  of 
values  from  which  each  plot  was  reduced  is  noted.  The 
figure  shows  that  the  Reynolds  number  of  transition  is 
consistently  a'pput- one  wi-llion  Higher  in  tunnel  No.  3 
than  in  tunnel  No.  2.  The  imperfect  first  version  of  the 
model  gives  the  same  qualitative  behavior  in  both  tunnels 
as  the  improved  second  version.  However,  the  lev<?l  of 
transition  Reynolds  numbers  is  reduced  by  approximately 
1/2  million.  The  results  at  Mach  number  4.25  are  less 
conclusive  than  those  at  Mach  number  3.25  because  an 
important  part  of  the  model  was  invisible  due  to  the 
presence  of  a steel  rib  in  the  tunnel  sidewall.  The 
value  of  the  transition  Reynolds  number  could  only  be 
bracketed  between  1.6  and  2.0  x 10®  for  the  boundary 
layer  on  the  lower  side  of  the  cone.  The  upper  side 
appeared  laminar  throughout. 

22.  It  may  be  concluded  from  the  higher  Reynolds  number 
of  transition  in  Tunnel  No.  3 that  the  disturbance  level 
is  lower  there  than  in  Tunnel  No.  2 at  Mach  numbers  3.25 
and  4.25.  The  lower  turbulence  level  in  Tunnel  No.  3 may 
be  caused  by  the  absence  of  a straightener  and  the  higher 
contraction  ratio  of  this  tunnel  and  the  subsequent  lower 
turbulence  level  in  the  intake. 
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23.  The  variation  of  Reynolds  number  of  transition 
with  Mach  number  in  Tunnel  No.  2 is  shown  in  Figure  8. 

A decrease  of  Reynolds  number  of  transition  with 
increasing  Mach  number  was  observed. 

24.  In  Figure  9 the  results  are  compared  with  transition 
data  obtained  on  other  bodies  of  revolution.  The  curves 
of  references  8 and  9 represent  transition  Reynolds 
numbers  observed  in  the  same  tunnel.  In  reference  8 
boundary-layer  transition  was  observed  in  the  same  fashion 

as  in  the  present  report  on  a "Hollow  Cylinder";  i.e.,  a tube 
with  a sharp  leading  edge.  Supersonic  flow  enters  the 
tube  and  a weak  shock  is  formed  at  the  leading  edge.  The 
curve  of  reference  9 represents  the  Reynolds  number  at  which 
the  skin-friction  drag  of  a cone-cylinder  body  of  variable 
length  increases  suddenly.  The  curve  denoted  by  "ogives 
NACA",  reference  10,  was  obtained  in  a continuous  wind 
tunnel  on  a slender  ogive  body  with  an  extremely  smooth 
surface.  This  curve  too  represents  Reynolds  numbers 
at  which  the  sudden  increase  in  skin-friction  drag  occurs 
(minimum  of  boundary-layer  displacement  thickness) . Some 
single  experimental  points,  found  in  the  literature, 
references  11,  12,  are  also  shown.  The  points  denoted  by 
triangles  are  the  only  non-wind-tunnel  data  of  this  graph. 
They  were  obtained  from  shadowgraphs  of  cone-cylinder  bodies 
that  were  fired  in  the  range  of  the  Ballistics  Research 
Laboratory,  Aberdeen.  Transition  occurred  in  the  conical 
forepart  of  the  missiles.  The  data  were  taken  from 
reference  13. 

25.  The  NOL  wind-tunnel  data  ar  in  good  agreement  with 
each  other.  All  show  decreasing  Reynolds  numbers  of 
transition  with  increasing  Mach  numbers.  The  same  treno 
is  exhibited  by  the  NACA  data  at  the  lower  Mach  numbers. 
Decrease  of  the  Reynolds  numbers  of  transition  with 
increase  in  Mach  number  is  to  be  expected  from  boundary- 
layer  stability  theory,  reference  14,  in  the  wind  tunnel 
where  the  ratio  of  wall  temperature  to  equilibrium 
temperature  is  unity  or,  in  an  intermittent  tunnel, 
slightly  above  unity  (Tj/T£  w D.  To  illustrate  this  the 
theoretical  curves  of  minimum  Reynolds  number  at  which 
transition  could  occur,  i.e.,the  Reynolds  numbers  of 
neutral  stability  of  two-dimensional  disturbances  in  the 
laminar  boundary  layer , are  also  shown  for  Tr  /Tg  ■ 1 and 
Tr  /te  = 2 in  Figure  9.  It  is  seen  that  the  experi- 
mentally determined  trend  does  not  deviate  decidedly  from 
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the  theoretical  prediction.  The  large  deviation  in 
absolute  value  of  3 to  4 orders  of  magnitude  must  await 
further  clarification.  Although  some  deviation  is  to  be 
expected,  the  combined  effects  of  free  stream  turbulence 
and  noise,  surface  roughness  of  the  body,  heat-transfer 
conditions  in  the  boundary  layer,  and  pressure  gradient 
introduced  by  the  model  or  inherent  in  the  flow,  can 
hardly  explain  the  magnitude  of  the  obse  ved  deviation. 

26.  An  opposite  trend,  increasing  Reynolds  numbers 
of  transition  in  the  wind  tunnel  with  Increasing 

Mach  numbers,  is  stated  in  reference  13.  In  the  light 
of  the  evidence  presented  here  and  in  the  reference,  such 
a trend  appears  doubtful.  It  is  seen  that  even  the 
range  data,  which  should  show  th*s  opposite  trend  due  to 
the  different  heat-transfer  situation,  uo  not  point  it 
out  clearly.  However,  the  relative  roughness  of  the 
constant  absolute-roughness  missiles  increases  with  Mach 
number,  which  may  account  for  this  behavior. 

27.  Figure  10  shows  the  effect  of  screens  placed  in  the 
subsonic  supply  duct  of  Tunnel  No.  3 at  U s 3.25.  The 
coarse  and  the  fine  screen  reduced  the  Reynolds  number  of 
transition  by  1.2  and  1.1  million  with  respect  to  the  case 
of  no  screen. 

28.  A comparison  of  the  two  methods  used  to  determine 
transition  showed  that  the  methods  agreed  fairly  well. 

^he  lacquer  technique  gave  lower  Reynolds  numbers  of 
transition  than  the  spark-schlleren  photographs  but  the 
averages  never  differed  by  more  than  0.2  million. 

(All  results  shown  in  the  graphs  of  this  report  are  derived 
from  spark-schlieren  photographs). 

29.  The  effect  of  model  Imperfections  can  be  seen  in 
the  left  half  of  Figure  7 where  results  obtained  at 

M m 3.25  with  the  first  and  second  vorsiorp  of  the  model 
are  shown.  With  the  second  version  Reynolds  numbers 
about  0.5  million  larger  are  observed  in  both  tunnels. 

30.  A small  rubber  0-ring  put  on  the  cone  as  a boundary- 
layer  trip  appeared  to  be  ineffective  at  M ■ 1.86  and  at 
M a 4.25  but  lowered  the  Reynolds  number  of  transition  in 
the  middle  cf  the  Mach  uumber  range  M a 2.83  and  3.25. 
However,  the  schlieren  pictures  were  difficult  to  read  and 
interpret,  and  results  are  therefore  not  presented  in  detail. 

31.  The  surface  temperature  of  the  cone  was  not  measured 
during  the  tests.  It  is  slightly  above  recovery  temperature 
in  the  intermittent  Tunnel  No.  2 and  it  is  equal  to  recovery 
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temperature  in  the  continuously  operating  Tunnel  No.  3. 

In  order  to  minimize  the  effect  of  a model  temperature 
higher  than  equilibrium  temperature,  repeated  blows 
were  made  in  Tunnel  No.  2 before  the  transition  was 
determined.  From  earlier  tests  during  which  temperatures 
were  measured  on  a cone-cylinder,  it  can  be  concluded  that 
the  transition  Reynolds  number  is  altered  due  to  the 
remaining  temperature  deviation  by  less  than  0.2  million. 


V.  CONCLUSIONS 

32.  The  location  of  the  boundary-layer  tiansition  on 
a slender  cone  has  been  shown  to  be  influenced  by: 

(a)  The  flow  conditions  of  a particular  tunnel. 

(b)  The  free  stream  Mach  number. 

(c)  Turbulent  disturbances  produced  by  screens  in 
the  subsonic  portion  of  the  tunnel. 

33.  As  a result  of  the  investigation,  it  can  be  concluded 
that  the  location  of  the  transition  is  a measure  of  the 
disturbance  level  in  the  wind  tunnel,  and  that  the  slender 
cone  is  a suitable  model  to  indicate  differences  in 
disturbance  level.  Although  we  cannot  completely  rule 
out  the  influence  of  model  temperature,  it  appears  that 
Tunnel  No.  2 has  a higher  disturbance  level  than  Tunnel 
No.  3 at  the  same  Mach  number.  Disturbances  introduced 

in  the  subsonic  portion  of  the  tunnel  appear  in  measurable 
magnitude  in  the  supersonic  flow.  A decreasing  Reynolds 
number  of  transition  with  increasing  Mach  number  was 
observed.  This,  however,  may  be  a specific  feature  of 
the  type  of  wind  tunnel  in  which  a large  change  of  free 
stream  conditions  accompanies  a change  in  Mach  number. 
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VI.  NOTATION 

1 - Distance  from  tip  of  cone  to  transition  region. 

u - Free  stream  velocity. 

V - Free  stream  kinematic  viscosity. 

Re  - Reynolds  number  of  transition  based  on 

free  stream  properties. 

M - Free  stream  Mach  number. 

T0  - Supply  temperature 

T - Free  stream  temperature. 

Tw  Temperature  on  surface  of  model. 

T£  - = r T0-(r-l)T,  Equilibrium  temperature, 

temperature  associated  with  zero  heat  transfer. 

r = (T£  - T)/(Tq  - T) , temperature  recovery  factor. 

L - Mean  free  path  of  air  molecules  in  the 

free  stream. 

- Mean  free  path  of  air  molecules  near  the  wall, 
n - Number  of  observations. 

s - Probable  error  of  a single  observation, 

v - Deviation  of  a measurement  from  the  mean. 

% - Specific  heat  ratio. 
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FIG, 3 MEAN  FREE  PATH  VS.  MACH  NUMBER  IN  WIND 
TUNNEL  WITH  ATMOSPHERIC  SUPPLY 
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FIG.  5 REGIONS  OF  LAMINAR  (DARK)  AND  TURBULENT 
(LIGHT)  BOUNDARY  LAYER  FLOW  ON  ST/  'JDARD 
CONE  MODEL  , LUMINESCENT  LAQUER  TECHNIQUE. 
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COMPARISON  OF  TRANSITION  REYNOLDS  NUMBER  IN 
TUNNEL  2 AND  3 
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FIG.  8 TRANSITION  REYNOLDS  NUMBER  IN  TUNNEL 
AT  VARIOUS  MACH  NUMBERS 
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FIG.  9 VARIATION  OF  REYNOLDS  NUMBER  OF  TRANSITION 
WITH  MACH  NUMBER  FOR  BODIES  OF  REVOLUTION 
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FIG  10  EFFECT  OF  SCREENS  LOCATED  IN  SUBSONIC  PART  OF 
TUNNEL  3 ON  REYNOLDS  NUMBER  OF  TRANSITION,  M = 3.25 
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